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ABSTRACT  
The ability to assemble mesoscopic colloidal lattices above a surface is important for 
fundamental studies related with nucleation and crystallization, but also for a variety of 
technological applications in photonics and micro-engineering. Current techniques based on 
particle sedimentation above a lithographic template are limited by a slow deposition process and 
by the use of static templates, which make difficult to implement fast annealing procedures. Here 
it is demonstrated a method to realize and anneal a series of colloidal lattices displaying 
triangular, honeycomb or kagome-like symmetry above a structure magnetic substrate. By using 
a binary mixture of particles, superlattices can be realized increasing further the variety and 
complexity of the colloidal patterns which can be produced. 
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INTRODUCTION 
Ordered two-dimensional lattices of colloidal microspheres have direct applications as 
photonic crystals, 1 chemical sensor, 2,3 filtration membranes, 4-6 or macroporous solids for 
catalysis. 7 Besides the technological interest, the ability to directly visualize crystallization 
process above a substrate is important to unveil the fundamental mechanisms underlying the 
growth of atomic and molecular thin films on a surface. 8 Highly ordered particle monolayers can 
be obtained via particle sedimentation above a micro-patterned template, like in colloidal 
epitaxy.9 Variants of this technique have been developed in the past, based on varying the inter-
particle interactions, the interactions with the substrate or the driving force which leads to the 
colloidal assembly.10 However, most of these methods are usually based on the use of 
lithographically defined templates characterized by fixed and immovable reliefs which in 
principle forbid annealing the colloidal pattern via direct manipulation of the substrate 
topography. 
This article introduces a technique to rapidly and reversibly organize two dimensional colloidal 
lattices with different hexagonal symmetries, e.g. triangular, honeycomb or kagome-like, above a 
magnetic garnet film. The garnet film, characterized by a lattice of cylindrical magnetic domains, 
generates a two-dimensional periodic potential which is used to attract and directly assemble 
magnetic microspheres. Unlike classical sedimentation of non-magnetic colloids, this method 
features a fast deposition process, due to the strong attraction of the magnetic substrate, and the 
possibility to magnetically anneal in situ the colloidal structures, reducing lattice defects and 
imperfections.  
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EXPERIMENTAL SECTION 
To demonstrate the magnetic assembly technique, two types of monodisperse paramagnetic 
microspheres are used, with diameters 1.0 m (Dynabeads Myone) and 2.8 m (Dynabeads M-
270). Both particles are composed of a highly cross-linked polystyrene matrix and are evenly 
doped with superparamagnetic iron-oxide grains (-Fe2O3 and Fe3O4). In principle, other types of 
magnetic particles like cubes, 11 ellipsoids, 12  Janus  13 or patchy  14 particles could be equally 
used.  
The magnetic substrate is a ~5 m thin single-crystal ferrite garnet film (FGF) of composition 
Y2.5Bi0.5Fe5-qGaqO12 (q = 0.51) and grown by standard liquid phase epitaxy on a (111) oriented 
gadolinium gallium garnet (GGG) substrate. 15 At equilibrium, the FGF displays a labyrinth of 
parallel stripe domains with magnetization vectors perpendicular to the film and periodically 
pointing in the upward and downward direction, spatial periodicity  = 6.8 micron. High 
frequency external fields 16 are used to transform the labyrinth pattern into a triangular lattice of 
cylindrical magnetic domains, also known as “magnetic bubbles”, 17 with diameters D = 6.4 m 
and lattice constant a = 8.6 m. As shown in Figures 1(a,b), the magnetic bubbles are uniformly 
magnetized domains immersed in a film of opposite magnetization.  Due to the polar Faraday 
effect, it is possible to visualize the size and the position of the magnetic bubbles in the FGF film 
via polarization microscopy.  
A water drop containing a dilute solution of particles is placed on top of the FGF film, and 
after few minutes, the particles are two-dimensionally confined above the film due to the 
attraction of the magnetic domains. To avoid particle adhesion, the FGF is coated with a 1m 
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thick film of a UV curable photoresist (AZ-1512 Microchem, Newton, MA), via standard spin 
coating and UV photo-crosslink. 18 More experimental details can be found in the  Supporting 
Information (SI). 
 
RESULTS AND DISCUSSION 
In absence of an external field, once deposited above the FGF, the magnetic colloids are 
attracted by the centers of the bubble domains, and for an area fraction  = 0.09 the particles 
form a triangular lattice with lattice constant a, Fig.1c. Here  = d2/4, d denotes the particle 
diameter,  = N/A the two dimensional number density, N the number of particles and A = 140 × 
180 m2 the area covered by the lattice.  In particular, the magnetic bubble lattice used in this 
work was encircled by a labyrinth pattern of magnetic domains, and the FGF film has an area of 
~ 4 cm2. It is possible to extend the region of the magnetic bubbles across the whole film by 
improving the magnetic protocol to produce the bubble lattice.  Magnetic energy calculation19,20 
shows that at the particle elevation, the FGF film presents energy minima with parabolid-like 
shape located at the center of the magnetic bubbles, Fig.1f. Increasing further the particle 
density, each bubble becomes populated by colloidal doublets, triplets or larger compact clusters, 
until the particles start to form a randomly packed monolayer already for  ~0.6, while geometric 
close packing occurs at η= π/2√3 = 0.9. 
The magnetic bubble domains are stable even in absence of an external field, and their size can 
be precisely tuned upon application of a static magnetic field Hz perpendicular to the film. In 
particular, for field strengths Hz < 10 kA/m, the diameter D of the bubble domains linearly scales 
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with the amplitude of the external field Hz (Fig. S1 in SI). If Hz  is anti-parallel to the 
magnetization of the bubbles, the field decreases the size of the magnetic bubbles, increasing the 
area of the interstitial region. In this new configuration, the FGF allows to assemble different 
types of colloidal lattices, as shown in Figs. 1d and 1e. For a field Hz = 1800 A/m, the energy 
landscape of the FGF shows six regions of energy minima with triangular shape around each 
bubble, Fig.1g. These minima are arranged into a honeycomb lattice, i.e. a regular tiling 
characterized by three hexagons at each vertex. Thus for an area fraction  = 0.19 the 
paramagnetic colloids arrange in such a way to reproduce the underlying lattice of minima, 
forming a honeycomb pattern with lattice constant a/√3= 5.0 m,  Fig.1d. Increasing further the 
area fraction, the triangular minima start to be filled by more particles which encircle the 
magnetic domains filling the interstitial regions. For  = , the particles form an open lattice 
which resembles the kagome lattice, characterized by pairs of ordered triangles and hexagons 
alternating on each vertex, Fig.1e. All the colloidal lattices described until now, can be either 
formed via direct sedimentation in presence of the applied field, either produced by first 
depositing the particles, and later applying the magnetic field, as it is the case for the colloidal 
pattern shown in Fig.1. Thus the applied field can be used an external “knob”, to control the 
magnetic topography of the film and, in turn, the colloidal ordering, without the need of 
changing the substrate, in contrast to other template-based crystallization techniques. Moreover, 
for applications where an immobilized lattice of particles is required, the paramagnetic colloids 
can be fixed above the garnet film upon addition of a small amount of salt to the water 
suspension, which will screen the electrostatic interaction with the surface, inducing irreversible 
particle sticking. The different types of lattices which can be formed by using the small (1.0 m) 
particles are shown in the SI. 
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In order to distinguish between the various symmetries observed, the two-dimensional  pair 
correlation function g(r) is calculated from the digitized particle positions, SI. Fig.2a shows the 
phase diagram (,Hz) encompassing all the observed structures. Beside the lattices shown in 
Figure 1, it was found a second triangular order for field strength within the interval 800 A/m < 
Hz  < 1600 A/m.  For these amplitudes, the energy minima inside the magnetic bubbles and in the 
interstitial regions have comparable depths, and a denser triangular packing can be produced for 
 = . To the right of Figure 2 are shown as black lines the g(r) corresponding to the various 
lattices observed.  Along the bottom of these graphs, are plotted as red lines the corresponding 
pair correlation functions for defect free lattices characterized by the same packing fraction. 
These correlation functions are rescaled on the y-axis so as not to interfere with the experimental 
ones, and display a series of sharp lines which serve as guide to classify the experimentally 
observed structures.  
One limitation of this approach is that sedimentation alone is unable to produce a defect free 
crystalline structure in most of the experiments. The strong attraction of the magnetic film, with 
energy minima as deep as ~1100 kBT (here T = 292 K) makes difficult any possible particle 
rearrangement, whatever thermal or mechanical, e.g. via laser tweezers for example. In order to 
improve the colloidal ordering, a magnetic annealing procedure is developed, based on the 
controlled motion of particle excess within the lattice. In particular, magnetic annealing is 
induced via application of an external precessing magnetic field given by, H = (H0 cos(t), H0 
sin(t), Hz). Here Hz is the amplitude of the static component perpendicular to the FGF, and H0 
is the amplitude of an alternating field rotating with angular frequency  and precession angle   
in the (x,y) plane, Figure 3e. As shown in a previous work, 21 an individual particle can be 
propelled above a bubble lattice when subjected to an external precessing field. The field 
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modulates the magnetic landscape in such a way that it forces the particle to pass between 
nearest domains at a constant speed, V = a.  Here it is shown that, when applied to an 
ensemble of particles interacting via excluded volume, the precessing field is able to induce 
particle sorting based on the relative position above the energy minima. In particular, particles 
sitting above the strong triangular minima are unable to move, unless they collide with other 
moving colloids, while excess particles are propelled through the free pathway in the colloidal 
pattern, until they find empty minima to be occupied. Figs. 3(a),3(b)  and Video-3.MPG in SI 
show a honeycomb lattice before, 3(a), and after, 3(b), the annealing procedure. Essentially, 
there are two mechanisms by which an excess particle can be transported towards a lattice 
vacancy. The first one, shown in the top row of Fig. 3c, consists in the directed motion of the 
excess particle, which passes from one magnetic bubble to a nearest one sliding close to the 
colloids forming the honeycomb lattice. The second mechanism, shown in the bottom row of 
Fig. 3c, consists in the transport of the excess particle via particle swapping, 20 where adjacent 
particles synchronously exchange their positions above a minimum, and the occupation number 
inside the lattice unit cell remains constant. For both mechanisms, the net particle motion ceases 
once the excess particle finds an unfilled minimum, or leaves the observation area. As shown in 
Fig. 3f, the first mechanism based on particle swapping mainly occurs when the excess particle 
moves along the crystallographic directions (crystallographic angles  = 0o -  60 o), since along 
these directions are located the particles forming the honeycomb lattice. The second mechanism 
instead, is mainly observed at intermediate angles, where the excess particle has less probability 
to encounter another particle of the lattice. Fig. 3g shows that the average speed of the excess 
particles moving via the first mechanism can be well describe by the linear relationship V = 
a.   
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For the honeycomb lattice (Hz = 1800 A/m), the magnetic annealing via precessing field works 
for amplitudes of the rotating field between 800 A/m ≤ H0 ≤ 1200 A/m, which corresponds to 
precessing angles 24.0 o  ≤  ≤ 33.7 o, and for angular frequencies   < 150  s-1. For   ≥ 150  s-1 
the particles are unable to follow the fast modulations of the magnetic landscape, and no net 
motion is observed.  For field amplitudes H0 > 1200 A/m ( > 33.7 o),  the energy minima 
around the magnetic bubbles merge and all particles above the FGF become mobile, inducing 
melting of the colloidal lattice. The process however is reversible, since the colloidal lattice can 
be easily and rapidly reformed just by first decreasing the amplitude of the rotating field H0 and 
later inverting the sense of rotation of H0, in order to recollect the particles which moved away 
from the lattice area. In contrast, for amplitudes H0 < 800 A/m, the magnetic energy supplied to 
the system is unable to generate a net current of excess particles, and thus to anneal the colloidal 
lattice. The entire assembly/disassembly process is fully controlled by the external field, and the 
excess particles can be  precisely and reversibly moved inside the lattice.   
The strong attraction of the magnetic bubbles allows easily trapping and confining magnetic 
particles with smaller size. This would be not possible with non-magnetic colloids, since thermal 
forces could easily detach the particles from the substrate making more difficult the deposition 
process. This feature is used here to sediment particles with different sizes producing colloidal 
superlattices, i.e. patterns composed by different types of penetrating periodic structures. 22,23 
Two illustrative examples are shown in Figure 4, with a binary mixture of paramagnetic colloids, 
and characterized by the area fractions   = 0.12  and  = 0.19, Figure 4a, and  = 0.02 and  
= 0.43, Figure 4b. Here   ()  denotes the area fraction of the small (large) particles. In both 
situations, a lattice of large magnetic colloidal particles entraps small particles at the center of the 
bubble domains. The small particles experience a stronger attractive force than the large ones, 
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since are closer to the magnetic substrate, and the magnetic stray field of the bubble lattice 
decreases exponentially with the particle elevation. 24 In this particular case, the magnetic film 
generates a honeycomb lattice of minima for the large particles, and a different landscape for the 
small particles, characterized by energy minima at the centers of the magnetic domains. Should 
be noted that binary colloidal lattices have been previously reported by several groups via 
experiments25,26 and numerical simulations,27,28 in two29, 30, 31 and three32, 33, 34 dimensions. 
Although this system is limited by the magnetic film to the two-dimensional case, it allows to 
actuate selectively over one type of particle by varying the magnetic energy landscape. As shown 
in Videos-6.MPG and Videos-7.MPG in the SI, application of a precessing field with an 
amplitude H0 = 500 A/m unable to anneal the lattice, it can be used to discriminate both types of 
particles, inducing only motion of the small particles in the colloidal superstructure.   
CONCLUSIONS 
In summary, a technique to engineer a series of magnetic colloidal lattices with triangular, 
honeycomb and kagome-like symmetry and corresponding superlattices composed of a binary 
particle mixture is presented. Precessing magnetic fields can be used to anneal the lattice 
structure either via direct transport of excess particles, either via a particle swapping mechanism, 
leading in both cases to a fast reduction of lattice defects and imperfections. In thin atomic and 
molecular films, annealing is usually induced via thermal cycling.35 This procedure may not 
work with colloidal systems due to the different length-scale and interactions involved.36 In 
particular, heating a colloidal crystal in order to induce defect recombination may instead 
provoke melting or unwanted convective currents.  Should be also mention that the use of 
dynamic fields to anneal colloidal structures has been recently demonstrated in bulk magneto-
rheological systems.37,38 Finally,  although the proposed method is demonstrated with an 
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epitaxial growth FGF film, any other magnetic structured substrate displaying potential wells 
which can be tailored in deep and strength by an external field can be in principle used, if 
designed with the proper geometry. This includes substrates made via soft lithography, 39 
electron beam lithography, 40 metal evaporation 41 or magnetron sputtering. 42 
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Figure 1. 
 
Figure 1. Top row: schematics showing an ensemble of paramagnetic colloid above a magnetic 
bubble lattice with no field (a) and with an external field H0 applied perpendicular to the film (b). 
Middle row: triangular c ( = 0.09), honeycomb d ( = 0.19) and kagome-like e ( = 0.41) 
lattices composed of 2.8 m paramagnetic colloids assembled above the magnetic bubble lattice. 
Lattices in Figures 1d and 1e are obtained upon application of an external field of amplitude Hz 
= 1800 A/m. Scale bars are 20 m, insets show FFTs of the images. Bottom row: contourplots of 
the magnetic potentials generated by an FGF in absence of applied field (f) and under an external 
field Hz = 1800 A/m (g); energy minima are in blue and maxima in red. 
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Figure 2. 
 
Figure 2.(a) Phase diagram in the (Hz,) plane illustrating the range of parameters to observe 
triangular (tri), honeycomb (h) or kagome-like (ka) order. Red circles in the diagram indicate the 
cuts at area fractions analyzed in the graphs on the left.(b) Diagrams showing the pair correlation 
functions g(r) calculated from the particle positions (black line). Continuous red lines indicate 
the pair correlation functions of the corresponding defect-free lattices obtained from numerical 
simulations. 
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Figure 3. 
 
Figure 3. a,b Lattices of paramagnetic colloids before (a) and after (b) the annealing process 
based on the application of an external precessing field with frequency  = 19.9 s-1 and 
amplitudes Hz = 1800 A/m, H0 = 1100 A/m. Scale bars is 10 m, insets show FFTs before and 
after annealing. Images (c) and corresponding trajectories (d) illustrating the two types of 
mechanisms leading to the transport of excess particles. In both cases the time increases from 
right to left, different rows correspond to different mechanisms. Corresponding videos are in the 
SI. (e) Schematic showing the FGF film under a precessing magnetic field. (f) Histogram 
showing the occurrence frequency of one type of defect motion with the orientation angle . (g) 
Velocity V (m s-1) vs. driving frequency  (s-1) for the excess particles driven above the FGF 
film via the first mechanism. Continuous red line denotes V = a/2, with a = 8.6 m. 
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Figure 4. 
 
Figure 4. Colloidal superlattices realized by using a binary mixture of magnetic particles with 1 
m and 2.8 m diameters.  In (a) the large particles form a honeycomb lattice, in (b) a kagome-
like lattice. Both superlattices are obtained under a static external field of amplitude Hz = 1800 
A/m. Scale bar is 20 m, corresponding videos are in the SI. 
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SUPPORTING INFORMATION 
Experimental details, and data, supplementary figures. Seven movies (.MPG). This material is 
available free of charge via the Internet at http://pubs.acs.org. 
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